Abstract. Industrial applications are increasingly turning to modern composite layered materials to satisfy strength requirements whilst reducing component weight. An important group of such materials are fibre/resin composites in which long fibres are laid down in layers in a resin matrix. Whilst delamination flaws, where layers separate from each other, are detectable using traditional ultrasonic techniques, the presence of porosity in any particular layer is harder to detect. The reflected signal from a layered material can already be modelled successfully by using the acoustic impedance of the layers and summing reflections from layer boundaries. However, it is not yet known how to incorporate porosity into such a model. The aim of the work reported here was to model the backscatter from randomly distributed spherical cavities within one layer, and to establish whether an effective medium, with a derived acoustic impedance, could reproduce the characteristics of that scattering. Since effective medium models are much more readily implemented in simulations of multi-layer structures than scattering per se, it was felt desirable to simplify the scattering response into an effective medium representation.
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Introduction
Industrial applications are increasingly turning to modern composite layered materials to satisfy strength requirements whilst reducing component weight. An important group of such materials are fibre/resin composites in which long fibres are laid down in layers in a resin matrix. Amongst the significant faults which need to be detected by inspection methods, are delamination flaws, which can be detected by standard ultrasonic techniques, and porosity, which cannot. Currently, models can be used to simulate the reflected signal from a typical multi-layer composite system by summing the reflections from each interface using estimates for the acoustic impedance of each layer. However, it is not yet fully understood how to incorporate porosity into such a multi-layer model. A number of workers have investigated the problem by using modified elastic properties [1] [2] , for the mixed fibre/resin/porosity composite whilst others have considered the frequency-dependent attenuation resulting from the cavities [3] [4] . Multi-layer models which incorporate porosity through such property mixture-rules and porosity-induced attenuation have been recently reported [5] . Other workers have considered the porous layer as an equivalent homogeneous medium having effective properties derived from the ensemble-averaged reflection and transmission responses [6] [7] [8] [9] [10] . However, since a real sample has fixed locations for the cavities, any measurement made during inspection is not an ensemble-averaged response, but the actual scattered signal from cavities at specific locations. The aim of the current work was to investigate the conditions under which an ensemble-averaged or effective-medium description of the material is a good approximation for the signal received from distributed cavities in a single snapshot measurement. We are exploring the emergence of the effective-medium behavior, rather than studying the emerged behavior itself. The question was addressed by formulating a model for the backscattered signal from distributed porosity, and comparing with a simple impedance-based effective-medium model. Whilst our longer-term aim is to establish properties for porous fibre/resin composite, the work reported here investigates the properties of a material which has porosity in a homogeneous matrix. Scattering from fibres themselves will be considered at a later stage.
The two models are presented in the next section: one an "effective-medium" model which treats the reflections from the layer interfaces using the acoustic impedance of the material, and the second a scattering model which considers the signal scattered by individual cavities in the layer. Results from each model are shown and compared in section 4. and final conclusions are summarized in section 5.
Scattering from a Single Spherical Cavity
Before considering the system as a whole, it is first necessary to establish the scattering characteristics of the individual pores, which are modelled as spheres of vacuum for simplicity. The Rayleigh partialwave method can be used to determine the scattering coefficients for a single spherical cavity in a solid medium using a planar incident wave [11] which in the notation of later workers (see Challis et al. [12] for definitions) can be written in the limit of low frequency as
These results assume a ratio of shear to longitudinal wave speeds of 0.5 as found in many materials; within this assumption the coefficients at low frequency depend only on the wavenumber of the medium, k and the radius of the cavity, a, and not on other physical properties of the medium. In the model, the scattering coefficients are calculated numerically from the boundary condition matrix equation which extends the validity up to ka~0.8; these analytical results, valid at low frequency, permit the frequency and radius dependence to be identified.
The displacement potential of the scattered longitudinal wave in a solid material in the far-field is
with   , f   the scattering amplitude, given in the forward and backward directions respectively by   
Hence, both forward and backward scattered amplitudes are dependent on the square of frequency and the cube of cavity radius at low frequency. A time-dependence of i t e   has been assumed throughout.
The Two Models
The system configurations for the two models are shown in Figure 1 . In both cases, only a single region of modified material is considered for simplicity -that is the space between z min and z max from the transducer face. The solid material of layers 1 and 3 and the matrix surrounding the cavities have 
Effective medium model
Following other workers, the porous layer is treated as a homogeneous material with effective properties, which determine the reflection and transmission responses of the layer [7] [8] . For the effective medium model (Figure 1a ), layer 2 represents a fibre/resin composite layer with porosity, and layers 1 and 3 non-porous composite material with density,  and sound speed, c . Each material is defined by its acoustic impedance, and the signal received at the transducer is obtained by summing the reflections from the front and back interfaces of layer 2. The density of layer 2 can be obtained from the cavity volume fraction,  , thus
. The sound speed in the porous layer, 2 c , can be estimated using the effective wavenumber for a medium of randomly distributed scatterers. We have used the single-scattering approximation derived by Foldy [13] extended to non-isotropic scatterers, later confirmed by the multiple-scattering models of workers such as Lloyd and Berry [14] . Thus, the wavespeed can be estimated from the equation   
using the scattering amplitude of the cavities (1) at the very low frequency limit (ka~0.2) to illustrate the frequency dependence. In the model, the calculations are carried out with the full boundary matrix solution, so are valid over a wider range up to around ka~0.8. Unsubscripted quantities refer to the non-porous composite. The sound speed in the low frequency, long wavelength limit (wavelength much longer than the cavity radius) is approximately independent of frequency, despite the strong frequency-dependence of the scattering amplitude. Thus the acoustic impedance of the porous layer
, is also frequency-independent at low frequency, and less than the impedance of the nonporous material. Other studies which have adopted an effective acoustic impedance to model the Z Z Z  . The signal received at the transducer is the sum of reflections from the interfaces and can be readily expressed as a system frequency response [17] 
where   0 F  is the frequency-domain transducer response and
where the wavenumber k c i     with attenuation  ; t 12 and t 21 are the pressure transmission coefficients in each direction at the boundary between layers 1 and 2, and r 12 is the pressure reflection coefficient at that boundary for waves emanating from the transducer, given by
The multiple reflection term sums to
thickness of the layer. We now have a model for the signal received at the transducer from a single layer which has different properties from those around it. We have derived acoustic impedance for a porous layer based on its sound speed and density, but using the layer reflection model any impedance can be supplied for layer 2. By comparing the reflection response with that of the discrete model we will derive the acoustic impedance of the material. Scattering from individual cavities is not included in this model, and diffraction due to finite transducer size has been neglected in both models.
Discrete scatterer model
Whereas the effective medium model treats only the reflections of a plane wave from the interfaces between regions of different properties, the discrete scatterer model considers each cavity as a secondary source of spherical sound waves which can be detected at the transducer. As shown in Figure 1b , the discrete scatterer model simulates the scattering by spherical cavities located in the region z min to z max from the transducer. There are no planar interfaces between materials of different types in this model: the fibre-resin composite (taken as homogeneous) modeled in regions 1 and 3 of the effective medium configuration (Figure 1a) is the same as the matrix surrounding the cavities in the scatterer model. Scatterers are placed randomly in the specified region (overlap is ignored), within the transducer cylindrical "beam" volume, and the incident wave at each scatterer is assumed to be planar. Only single-scattering is modeled. The signal received at the transducer is taken to be the sum of the far-field scattered waves produced by each of the cavities. For a single scatterer, located at a distance z j from the transducer, the far-field frequency-domain signal received at the transducer is given by
For a number of scatterers, N Sc , distributed in the space, the received signal can be obtained by summation
The simulation predicts the signal received from a single configuration of discrete scatterer locations.
As such it represents a typical measurement in a real sample, in which the locations of the cavities are fixed, in contrast to an ensemble-averaged model which is by definition an average over all possible scatterer locations. 
System Properties
The properties for the modelled systems are given in Table 1 . The fibre/resin composite material is taken to be a homogeneous solid, with physical properties similar to that of a 70% fibre-resin composite mixture, derived from previous models [18] . The longitudinal sound speed was 3035 ms -1 , shear wave speed 1517 ms -1 and density 1564 kgm -3 . The attenuation of the composite was taken to be zero for the calculations, in order to investigate the effects of scattering only, in the absence of attenuation effects. Scattering from the fibres themselves will be addressed in a later study. A small radius transducer was chosen in order to minimize the effects of diffraction which were considered in an additional study. The transducer response was obtained experimentally using a pair of 10 MHz centre-frequency transducers in water and the signal was sampled using an oscilloscope and then subsampled to the required sampling frequency of 50MHz. This process gave an experimentally valid signal with which to perform the calculations. The long wavelength approximation is only valid up to a frequency of~10MHz for the pore size used in the calculations; however, the full solution for the scattering coefficients (valid at any ka) and sound speed was used in the calculations at all frequencies. Only the analytical solutions to the scattering coefficients assume a low frequency limit; all other parts of the model are valid at any frequency range. Calculations were carried out using MATLAB [19] . 
Results
Calculations were carried out to model the signal received at the transducer according to the two models: the effective medium model and the discrete scatterer model. The time-domain signal predicted by the effective medium model is shown in Figure 2 , alongside the transducer signal. All signals have been time-shifted so that the zero occurs at the first signal expected to be received from the front interface of layer 2. The received signal predicted by the effective medium model includes a reflection from the front interface of the layer, and a second reflection from the back interface, with the appropriate time-delay. A comparison with the transducer signal shows that the effective medium model predicts that the signal is inverted at the front interface, but not at the back interface, due to the lower acoustic impedance in the layer compared with the material around it. The shape of the waveform is almost identical to the transducer signal, consistent with the flat frequency response in the effective medium model. To investigate the results of the discrete scatterer model, we first observe the signal received from a single isolated cavity embedded in the composite matrix (Figure 3) . The shape of the waveform is somewhat modified, due to the frequency-dependence of the scattering amplitude (see section 2. ), but the signal is largely in-phase with the transducer signal. This is consistent with the analytical result (8), with f  real and positive.
Next we consider the signal received when there are a number of cavities located in the defined region. The predicted signals, given by (9) , are shown in Figure 4a -c, scaled by volume fraction in order to permit plotting of all results on the same axes. Each plot is the result of a single configuration of the scatterer positions. At the lowest volume fraction (1%) there is a significant scattered signal for the whole duration of the time-window, as the transducer receives scattered sound waves from each individual cavity placed anywhere in the region. However, there is a stronger signal corresponding to the times at which a front-face and back-face reflection would appear. Destructive interference between scattered waves from nearby cavities in the middle of the region results in a stronger signal corresponding to the front and back-face reflections. As the concentration of cavities is increased, the interference effect becomes stronger, and the apparent "front-and back-face" signals are more clearly demarked from the much smaller signal in the intervening period. At the highest concentration, the signal looks very much like that expected from a homogeneous layer in the same region. A measure of the layer-like nature of the signal can be obtained by calculating the ratio of the largest peak height in middle region to the largest peak height in the first group. In Figure 5 this parameter is plotted as a function of concentration, clearly showing that even at 1% porosity the middle interference region is significantly smaller than the apparent "front-interface" reflection. It should be noted, that there are no interfaces between different materials in this model, only cavities in an otherwise homogeneous medium. The response has similarities to reflections from interfaces due to destructive interference between signals scattered by individual cavities within the body of the porous layer.
Here we have demonstrated a typical signal which would be seen from a measurement of a real system i.e. a single configuration of scatterer (cavity) positions. Increasing the number of scatterers in the discrete scatterer model leads to a system response which is closer to an effective medium response, with apparent layer boundary reflections. Thus, as the number density of cavities increases, the system response becomes akin to an expected ensemble-averaged response. Although at 20% porosity, multiple scattering effects are likely to become significant, the results of the single-scattering model are presented to illustrate the tendency towards homogeneous layer characteristics at higher concentrations. Our results illustrate the degree of appropriateness of applying effective, ensembleaveraged properties at various concentrations. For the small, spherical cavities studied here, a composite containing even a relatively low concentration (1-2%) of cavities could feasibly be treated as an effective medium as long as they are randomly distributed. Only a single snapshot of scatterer positions has been studied, as would be observed in an experimental measurement on a real composite, but clear trends towards effective medium characteristics have been observed. These effects are explored further in a later paper. Although effective-medium behavior does emerge from the discretescatterer model, there are differences between the emerging response and the effective medium model. These will be investigated in a later paper, but in summary a difference in both phase shift and frequency response has been identified between the simple effective medium chosen here, and the discrete scatterer model. 
Conclusions
The aim of the work was to establish whether a simple "layer" model would be able to reproduce the characteristics of scattering from cavities in fibre/resin composites. We have established that  the backscattered signal from randomly distributed spherical cavities does have strong similarities to the signal reflected by a layer, including an apparent "front-" and "back-interface" reflection.  as the number of scatterers (cavities) is increased, the system response becomes closer to that of an effective medium model.  the simple effective medium model reproduced many of the features of the discrete scatterer model, but with some differences in the time domain, and in the frequency domain response. Hence, we conclude that an acoustic-impedance-based multi-layer model will be able to incorporate the effects of porosity (even at relatively low concentrations) in fibre/resin composite materials by use of modified effective properties in an effective-medium model. Further study of the time and frequency domain response is in progress and will be presented in a future publication. It is anticipated that this development will improve techniques for porosity detection in such materials. 
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